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Abstract
Water resources system is characterized by complex interdependent components with multi-dimensional objectives. In
this paper, multi-dimensional critical control of water resources is analyzed. Some indexes are used to set objective for each
dimension and a model for multi-dimensional critical control is established. The case of Bayannur is studied as an example:
the model is solved to derive Bayannur’s initial water allocation for diﬀerent aspects in the target year 2020. The relationships
between economic beneﬁts and per capita food consumption, the amount of over exploitation of groundwater, and the sewage
emission are analyzed based on this model to obtain the relationship curves between the economic dimension and social, envi-
ronmental, and ecological dimensions. The balance of regional water resources will be a constraint to impact water allocation.
Finally, the objections and constraints are applied to the model based on the relationship curves and the balance of regional
water resources. Under three demands, three best water use plan is proposed. This study provides a strong basis for planning
and allocating water use in Bayannur.
c© 2015 The Authors. Published by Elsevier B.V.
Selection and/or peer-review under responsibility of ITQM2015.
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1. Introduction
With the rapid economic and social development, water resources are closely related with economic society
and the ecological environment so its multi-dimensional attribute is becoming increasingly obvious[1-2]. Water
resources not only have their natural attributes, but also have service functions for the economic society and
the resource value. However, along with achieving service functions, it is important for reasonable exploitation
and use of water resources, that is, economy-environment-society harmonious development should be paid more
attention.
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Water resources shortage has become one of the main limiting factor of social development. As the main
source for people’s life and production, excessive utilization of water resources is more than the ability to update
the water’s cycle, which has become the main cause of all kinds of water issues. The exploitation of water
resources directly inﬂuences the development of economy, which need to maintain a certain amount and growth
space. The shortage of water resources will form the constraints on economic growth and meanwhile imbalance
water allocation will aﬀect social fairness. There is a competitive relationship between water cycle, economic
growth and social fairness. However, the development and utilization of water resources exist a critical state for
sustainable development[3-6].
Bayannur lying in the western area of Inner Mongolia in China is one of the districts which are extremely lack
of water. However, due to unreasonable allocation of water resources, water resources shortage and waste of water
resources become more prominent. At the same time, this situation becomes a bottleneck of economy, society,
ecology, and environment development[7]. Therefore, there is urgent need to improve this situation and ﬁnd a
multi-dimensional critical regulatory criteria and decision-making mechanism based on the scientiﬁc cognition of
multi-dimensional attributes and characteristics of the water cycle.
In this paper, we propose a multi-dimensional critical control model based on ﬁve dimensional characteristics
of water cycle system of Bayannur[8-12]. This model used for a part for Bayannur’s initial water use plan in the
target year (2020) is a multi-objective programming using ﬁve-dimensional normalization objective functions[13]
including water resource, economy, society, ecology, and environment dimension. After solving this model,
we can get an allocation of water resources for the primary industry, secondary industry, and domestic water.
Moreover, allocation of water resources for main crops in Bayannur can be obtained, too. This model can give a
scientiﬁc guidance for allocation of water resources in the further.
The structure of the paper is organized as follows: after selecting some indexes in Section 2, we build the
multi-objective model using ﬁve-dimensional normalization objective functions and determine the parameters in
the model in section 3. Section 4 solves the model based on three demands. We conclude our work in section 5.
2. Indexes Selection
In this section, we ﬁrstly introduce ﬁve dimensional characteristics we selected. (1)The ﬁrst dimension is
water resource based on water balance to ensure that the usage of water resource does not exceed the total water
value. (2)The second dimension is economic decision-making mechanism based on maximum comprehensive
environmental economic beneﬁts and water loss for diﬀerent water usages. (3)The third dimension is a social
decision-making mechanism based on social fairness and water resource to coordinate the contradictions associ-
ated with urban and rural development speeds, survival and development between strong groups and weak groups
to guarantee grain security, and the gap between urban and rural water consumption per capita. (4)The fourth di-
mension is an ecological decision-making mechanism based on a balance between good ecological functions and
water consumption. (5)The ﬁfth dimension is an environmental decision-making mechanism to maintain water
resource pollution meet self-puriﬁcation capability of the regional water environment.
In these dimensions, by fully soliciting the options of experts in various ﬁelds, we adopt the per capita gross do-
mestic product(GDP) as the target of the highest economic development, per capita food consumption(FOOD) as
the target of social security, the amount of over exploitation of groundwater(OVEX) as the sustainable utilization
of water resources, and sewage emission(SEWAGE) as the index of environmental comprehensive evaluation. The
balance of regional water will be a constraint to impact water allocation. Now we introduce these representative
indexes in detail.
• Per capita gross domestic product(GDP) is an international general index reﬂecting the level of economic
activity and it is more suitable regarded as a regional economic development index. For other indexes, for
example, national income does not include the value of non-material production sectors, and the total output
value of the industry have been calculated repeatedly. Therefore, only GDP can reﬂect the overall level of
development of macro economy comprehensively and is used as a index. In addition, we can get a better
data support for the data about GDP which is complete and reliable.
• Per capita food consumption(FOOD) is closely related to social stability and economic development. Due to
economic structure, productivity level, the rural labor force, nature conditions, and other factors, any region
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can not stop grain production in a short period of time. Food safety is an important guarantee of social
stability. Therefore, per capita food consumption(FOOD) can be selected as the target of social security.
• The amount of over exploitation of groundwater(OVEX) is an important ecological goal which is the basic
aim of healthy water cycle and is also one of the ﬁnal objective of water resources management regulation.
• The amount of sewage emission(SEWAGE) reﬂects the environmental pollution with water usage and can
represent the quality of regional ecological environment.
In the following, we reﬁne the indexes in diﬀerent dimensions.
2.1. Economy Dimension
We divide GDP into value-added of the primary industry, the secondary industry, and the tertiary industry. The
primary industry including agriculture, forestry, ﬁshing and mining is the main ﬁeld for us to concern. However,
by investigating, the tertiary industry and forestry, ﬁshing and mining in the primary industry are lack of data, we
use living data instead of the tertiary industry and only focus on agriculture in the primary industry.
Agriculture can be subdivided into diﬀerent kinds of crops. By investigating, the main crops in Bayannur
are the following seven types: wheat, corn, miscellaneous crops in summer, miscellaneous crops in autum-
n, sunﬂower, oil crops, and melons and vegetables. Now we set the requirement of water for each crop is
x1, x2, x3, x4, x5, x6, and x7 cubic meters respectively. Each crop will create corresponding value and they are
a1x1, a2x2, a3x3, a4x4, a5x5, a6x6, and a7x7 Yuan. Meanwhile, these crops will produce b1x1, b2x2, b3x3, b4x4, b5x5,
b6x6, and b7x7 tons respectively. These crops do not discharge sewage and the water for irrigation are from the
ground.
We do not make more reﬁnement for the secondary industry and living water. We set the requirements of water
for these two aspects are y and z cubic meters. The secondary industry will create the value is gy Yuan. These two
parts quotes underground water are h1y and h2z cubic meters and their discharges of sewage are s1y and s2z cubic
meters respectively. Table 1 shows these variables.
Table 1. Variables we set.
Types
Requirement of water Value Production Underground water usage Sewage emission
(cubic meters) (Yuan) (tons) (cubic meters) (tons)
Wheat x1 a1x1 b1x1 \ \
Corn x2 a2x2 b2x2 \ \
Miscellaneous crops in summer x3 a3x3 b3x3 \ \
Miscellaneous crops in autumn x4 a4x4 b4x4 \ \
Sunﬂower x5 a5x5 b5x5 \ \
Oil crops x6 a6x6 b6x6 \ \
Melons and vegetables x7 a7x7 b7x7 \ \
The secondary industry y gy \ h1y s1y
Living z \ \ h2z s2z
2.2. Other Dimensions
In order to achieve dimension unity, we regard economy dimension as reference, and build function relation-
ship f1, f2, and f3 with society, ecology, and environment dimension.
3. Model Building and Parameters Setting
After selecting indexes, we establish multi-dimensional critical control model[14-18] for Bayannur.
3.1. Model Building
We hope that the per capita gross domestic product(GDP) as high as possible, per capita food consump-
tion(FOOD) as large as possible, the amount of over exploitation of groundwater(OVEX) as little as possible, and
the amount of sewage discharge(SEWAGE) as little as possible to build the objection function, that is
Ob j = max(GDP),max f1(FOOD),min f2(OVEX),min f3(S EWAGE). (1)
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Regional water balance will be used as a constraint condition, namely, the amount of water for crops is less
than the total agricultural water requirement and the amount of water for all is less than the total water requirement.
We reﬁne the objective function and the multi-dimensional critical control model for Bayannur is
max
x,y,z
(
7∑
i=1
aixi + gy) + l1 f1(
7∑
i=1
bixi/N) + l2 f2(M − (h1y + h2z)) − l3 f3(s1y + s2z),
s.t. 0 ≤
7∑
i=1
xi + y + z ≤ T1
0 ≤
7∑
i=1
xi ≤ T2,
x1, x2, x3, x4, x5, x6, x7, y, z ≥ 0
(2)
where x = {x1, · · · , x7}. l1, l2, and l3 are weight coeﬃcient, N is the total number of pupation, M is the amount of
groundwater, T1 is the amount of total water requirement, and T2 is the amount of total agricultural water. We use
the data of the total number of population and the amount of groundwater from the year of 2001 to 2011 obtained
from Bayannur’s statistical book and bulletin to predict these value in 2020 by using moving average method.
3.2. Parameters Setting
In model (2), we should determine f1, f2, f3, ai, bi, i = 1, · · · , 7, h1, h2, s1, and s2.
For parameters f1, f2, and f3, we use the data of GDP obtained from Bayannur’s statistical yearbook, and
the data of per capita food consumption, the amount of over exploitation of groundwater, and sewage emission
obtained from Bayannur’s bulletin from the year of 2002 to 2011 to predict these values in 2020 using moving
average method. By using the polynomial ﬁtting function, we get function f1, f2, and f3.
f1 = 0.0055x2 + 0.0354x − 0.059,
f2 = −6.7796x3 + 9.7558x2 − 3.7446x + 0.7648,
f3 = −1.249x2 + 2.0531x − 0.0708.
(3)
The regression curve shows in Fig.1.
a b c 
Fig. 1. (a) regression curve of f1; (b) regression curve of f2; (c) regression curve of f3.
For parameters ai, bi, i = 1, · · · , 7, h1, h2, s1, and s2, we use the data of irrigation quota of wheat, corn,
miscellaneous crops in summer, miscellaneous crops in autumn, sunﬂower, oil crops, and vegetable ,as well as
usage of underground water and discharge of sewage of the secondary industry and living from Bayannur Water
Conservancy Science Research Institute. From Bayannur’s statistical yearbook, we get output and planting area
for each crop and output value of the secondary industry. And from Bayannur’s bulletin, we get water consumption
for secondary industry and living. Using these data, we can predict these values of the year of 2020 and calculate
the value of these parameters. The results are in Table 2.
4. Model Solving
We solve model (2) under three demands. Using these demands, we can will change some constraints based
on model (2).
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Table 2. Value of parameters we get.
Types
Requirement of water Value Production Underground water usage Sewage emission
(cubic meters) (Yuan) (tons) (cubic meters) (tons)
Wheat x1 4.641x1 1.623x1 \ \
Corn x2 8.957x2 3.899x2 \ \
Miscellaneous crops in summer x3 7.760x3 1.950x3 \ \
Miscellaneous crops in autumn x4 4.116x4 0.948x4 \ \
Sunﬂower x5 16.368x5 2.139x5 \ \
Oil crops x6 11.221x6 1.983x6 \ \
Melons and vegetables x7 214.966x7 46.834x7 \ \
The secondary industry y 0.160y \ 0.409y 0.222y
Living z \ \ 0.5z 0.450z
4.1. Demand One
Demand one is that we want to get planting structure and water requirement under the total planing area of
8.61 million mu and total water supply of 4 billion cubic meters. Firstly, we transform 8.61 million mu of total
planing area into 0.574 million hectare. We use f (xi) to represent planting area for each crop and it equals to xi
multiples irrigation quota. The model can be rewritten as follows.
max
x,y,z
(
7∑
i=1
aixi + gy) + l1 f1(
7∑
i=1
bixi/N) + l2 f2(M − (h1y + h2z)) − l3 f3(s1y + s2z),
s.t. 0 ≤
7∑
i=1
xi + y + z ≤ 4000000000
0 ≤
7∑
i=1
f (xi) ≤ 574000,
x1, x2, x3, x4, x5, x6, x7, y, z ≥ 0
(4)
Here, we set l1 = 1, l2 = 1, l3 = 1 and use a modern algorithm, genetic algorithm[19-20], to solve this
optimization problem on a PC with an Intel Core I5 processor and 8 GB RAM. By solving this problem with a
matlab toolbox of genetic algorithm, we can get the results for water requirement of each crop, the secondary
industry, and living as well as planting structure divided by the irrigation quota for them .
Table 3. Water requirement and planting structure for demand one
Types
Requirement of water Planting area
(cubic meters) (mu)
Wheat 440830091.3 1959244.9
Corn 444340565.3 2598482.8
Miscellaneous crops in summer 1930734.2 26815.8
Miscellaneous crops in autumn 787705.5 11094.4
Sunﬂower 281503264.7 2759835.9
Oil crops 50144213.7 491609.9
Melons and vegetables 62469958.1 743689.9
The secondary industry 229392000.0 \
Living 87151861.2 \
4.2. Demand Two
Demand two is that we want to get planting structure and water requirement under the total planing area of
8.61 million mu and total water supply of 3.64 billion cubic meters. The unit of planting area is also transformed
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into hectare and f (xi) also represents planting area. The model can be rewritten as follows.
max
x,y,z
(
7∑
i=1
aixi + gy) + l1 f1(
7∑
i=1
bixi/N) + l2 f2(M − (h1y + h2z)) − l3 f3(s1y + s2z),
s.t. 0 ≤
7∑
i=1
xi + y + z ≤ 3640000000
0 ≤
7∑
i=1
f (xi) ≤ 574000,
x1, x2, x3, x4, x5, x6, x7, y, z ≥ 0
(5)
We also set l1 = 1, l2 = 1, l3 = 1 and use genetic algorithm to solve this optimization problem with a matlab
toolbox and the results for water requirement of each crop, the secondary industry, and living as well as planting
structure for them showed in Table 4.
Table 4. Water requirement and planting structure for demand two
Types
Requirement of water Planting area
(cubic meters) (mu)
Wheat 415368893.1 1846084.0
Corn 397749937.6 2326023.0
Miscellaneous crops in summer 1845835.3 25636.6
Miscellaneous crops in autumn 758176.9 10678.5
Sunﬂower 278890715.3 2734222.7
Oil crops 45491954.3 445999.6
Melons and vegetables 59649541.4 710113.6
The secondary industry 233640000.0 \
Living 73980011.4 \
4.3. Demand Three
Demand three is that we want to get planting structure and water requirement under the total planing area of
8.61 million mu and total water supply of 4 billion cubic meters and grain planting area is not less than half of the
total planting area. We also transform the unit of planting area into hectare and f (xi) also represents planting area.
The model can be rewritten as follows.
max
x,y,z
(
7∑
i=1
aixi + gy) + l1 f1(
7∑
i=1
bixi/N) + l2 f2(M − (h1y + h2z)) − l3 f3(s1y + s2z),
s.t. 0 ≤
7∑
i=1
xi + y + z ≤ 3640000000
286000 ≤
7∑
i=1
f (xi) ≤ 574000,
x1, x2, x3, x4, x5, x6, x7, y, z ≥ 0
(6)
l1, l2, l3 are also set to 1 and genetic algorithm is used. The results are showed in Table 5.
5. Conclusion
In this paper, we have proposed a multi-dimensional critical control model of water resource for Bayannur.
Firstly, the economic, social, environmental, and ecological dimensions are used and some indexes from these
dimensions are selected to set objective. And then the relationships between economic beneﬁts and per capita
food consumption, the amount of over exploitation of groundwater, and the sewage emission are analyzed based
on this model to obtain the relationship curves between the economic dimension and social, environmental, and
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Table 5. Water requirement and planting structure for demand two
Types
Requirement of water Planting area
(cubic meters) (mu)
Wheat 406040851.8 1804626.0
Corn 414783482.9 2425634.4
Miscellaneous crops in summer 1845829.0 25636.5
Miscellaneous crops in autumn 758175.5 10678.5
Sunﬂower 271750621.9 2664221.8
Oil crops 46490044.8 455784.8
Melons and vegetables 76124581.4 906245.0
The secondary industry 244260000 \
Living 73980002.56 \
ecological dimensions. The balance of regional water resources is a constraint to impact water allocation. Finally,
the objections and constraints are applied to the model based on the relationship curves and the balance of regional
water resources. We give three best water allocation plans under three demands. Our study is scientiﬁc and gives
a basis guidance for water allocation in Bayannur.
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Appendix A. Related data
Take the year of 2010 as an example. We give related data for main crops, the secondary industry, and living
in Bayanuur.
Table A.6. Related data for main crops
Types
Production Planting area Irrigation quota Price
(tons) (hectare) (cubic meters per mu) (Yuan per kilogramme)
Wheat 716155 130770 225 2.86
Corn 1723033 172298 171 2.3
Miscellaneous crops in summer 3999 1899 72 3.98
Miscellaneous crops in autumn 799 791 71 4.34
Sunﬂower 645946 197348 102 7.56
Oil crops 1365 2147 102 5.66
Melons and vegetables 3104006 52601 84 4.59
Table A.7. Related data for the secondary industry and living
Types
Requirement of water Value Underground water usage Sewage emission
(billion cubic meters) (billion Yuan) (ten thousand cubic meters) (ten thousand tons)
The secondary industry 1.062 339.68 8690 4717.97
Living 0.411 \ 4110 3697.73
